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Abstract
The sodium-driven chloride/bicarbonate exchanger (NDCBE), a member of the SLC4 family of
bicarbonate transporters, was recently found to modulate excitatory neurotransmission in
hippocampus. By using light and electron microscopic immunohistochemistry, we demonstrate
here that NDCBE is expressed throughout the adult rat brain, and selectively concentrates in
presynaptic terminals, where it is closely associated with synaptic vesicles. NDCBE is in most
glutamatergic axon terminals, and is also present in the terminals of parvalbumin-positive γ-
aminobutyric acid (GABA)ergic cells. These findings suggest that NDCBE can regulate
glutamatergic transmission throughout the brain, and point to a role for NDCBE as a possible
regulator of GABAergic neurotransmission.
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Vesicular release of neurotransmitter is triggered by calcium entry through voltage-
dependent calcium channels. Modulation of transmitter release, an important component of
synaptic plasticity, may be achieved via changes in release probability (Stevens, 2004).
However, release may also be modulated by changing the concentration of neurotransmitter
in presynaptic vesicles (Edwards, 2007; Lisman et al., 2007; Wilson et al., 2005). Glutamate
and γ-aminobutyric acid (GABA) are loaded into neurosecretory vesicles by specific
transporters driven by a vacuolar proton pump, whose activity establishes an
electrochemical gradient across the vesicular membrane, with the inside of the vesicle being
positive and acidic (Cidon et al., 1983). The glutamate transporters responsible for loading
glutamate into vesicles (VGLUT1–3; Bellocchio et al., 2000; Takamori et al., 2000) are
driven by the electrical component (ΔΨ) of the gradient generated by the vacuolar proton
pump (Edwards, 2007; Maycox et al., 1988), whereas vesicular GABA transporter/vesicular
inhibitory amino acid transporter (VGAT/VIAAT), which is responsible for loading GABA
and glycine, depends on both ΔΨ and ΔpH (Hell et al., 1990; Kish et al., 1989).
© 2011 Wiley Periodicals, Inc.
*CORRESPONDENCE TO: Alain C. Burette, Dept. of Cell & Developmental Biology, University of North Carolina, CB # 7090,
Chapel Hill, NC 27599. alain.burette@gmail.com..
NIH Public Access
Author Manuscript
J Comp Neurol. Author manuscript; available in PMC 2013 December 09.
Published in final edited form as:













The uptake of glutamate (via VGLUT1–3) and of GABA/glycine (via VGAT) into synaptic
vesicles is coupled to chloride. It appears that VGAT can co-transport Cl− and GABA in a
ΔΨ-dependent manner (Juge et al., 2009). Likewise, Schenck et al. (2009) reported that
VGLUT itself can act as a chloride transporter, thus acting as a glutamate/chloride
exchanger (Schenck et al., 2009). However, this result is controversial; Juge et al. (2010)
concluded instead that VGLUT is allosterically activated by Cl−. Although the underlying
mechanisms remain controversial, these studies and others point to chloride as a key
regulator of vesicular storage of both GABA and glutamate, and show that [Cl−] determines
both the speed and the extent of neurotransmitter loading.
CIC-3, a member of the chloride channel/transporter family, has been a prime candidate for
mediation of the translocation of Cl− in synaptic vesicles necessary for transmitter loading
(Maritzen et al., 2008; Stobrawa et al., 2001; Wang et al., 2006). However, the sodium-
driven chloride/bicarbonate exchanger NDCBE (encoded by the SLC4A8 gene;
Grichtchenko et al., 2001; Parker et al., 2008) might also regulate vesicular [Cl−]. One
proteomic study found NDCBE associated with the synaptic vesicle fraction (Phillips et al.,
2005). Consistent with this result, a recent report finds NDCBE in excitatory synaptic
terminals within the hippocampus, and demonstrates that its disruption impairs glutamate
release from hippocampal neurons (Sinning et al., 2011).
Here we investigate the regional, cellular, and subcellular localization of NDCBE in the
adult rat brain. We show that NDCBE is expressed throughout the brain, and selectively
concentrates in presynaptic terminals, where it is closely associated with synaptic vesicles.
NDCBE was found in most glutamatergic axon terminals, and was also present in the
terminals of parvalbumin-positive GABAergic cells. These findings suggest that NDCBE
can regulate glutamatergic transmission throughout the brain, and also point to a possible
role for NDCBE as a regulator of GABAergic neurotransmission.
MATERIALS AND METHODS
All procedures related to the care and treatment of animals were in accordance with
institutional and NIH guidelines; all animals use protocols have been reviewed and approved
by the relevant Institutional Animal Care and Use Committee.
Primary antibodies
Table 1 lists the primary antibodies used in this study, which were as follows:
1. NDCBE-1r. NCDBE is expressed as at least three splice variants, NDCBE-A, -B,
and -C (Parker et al., 2008). We generated a polyclonal rabbit antibody by
immunizing rabbits with a synthetic peptide (LSINSGNTKEKSPFN,
corresponding to the C-terminal fragment of rat NDCBE-A/C), coupled to keyhole
limpet hemocyanin (KLH). The specificity of this antibody (NDCBE-1r) was
verified by using HEK293 cells transfected with NDCBE-A using Lipofectamine
(Invitrogen, Carlsbad, CA), as described (Zhu et al., 2010). As expected, the
antibody recognizes a single band of ~130 kDa on immunoblots from transfected
cells (Fig. 1A); no band was observed by using untransfected cells. Furthermore,
NDCBE-1r stained HEK293 cells transfected with NDCBE-A (Fig. 1B), but not
untransfected cells. A single band of ~135 kDa was also observed on immunoblots
from rat brain lysate (Fig. 1A). Preadsorption of the antibody with the
corresponding antigenic peptide eliminated the immunoreactivity for both Western
blots (Fig. 1A) and immunohistochemistry (Fig. 1 C,D).
2. VGAT. For VGAT, a mouse monoclonal anti-VGAT antibody (clone 117G4,
Synaptic Systems) was used. This antibody was raised against a synthetic peptide
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AEPPVEGDIHYQR (amino acids 75–87 in rat), coupled to KLH via an added N-
terminal cysteine. This antibody recognizes a single band of the expected molecular
weight (~57 kDa) for VGAT in Western blots of lysates from mouse brain and
retina (Guo et al., 2009). Furthermore, the staining pattern of this antibody is nearly
identical to that reported using different VGAT antibodies (Boulland et al., 2009;
Bragina et al., 2010; Chaudhry et al., 1998).
3. VGLUT1. For VGLUT1, a guinea pig polyclonal antibody (Chemicon, Temecula,
CA; AB5905, lot 24041061) raised against rat VGLUT1 was used. We previously
sequenced the immunogenic peptide (Chemicon, AG208) and concluded that this
antibody was raised against a C-terminal peptide (GATHSTVQPPRPPPPVRDY;
Melone et al., 2005). The antibody recognizes a single band of ~60 KDa on
immunoblots of synaptic membrane fractions from rat cerebral cortex.
Furthermore, immunogold labeling shows that VGLUT1 immunoreactivity is
selectively associated with axon terminals forming asymmetric synapses in cerebral
cortex and hippocampus.
4. Parvalbumin. For parvalbumin, a monoclonal anti-parvalbumin antibody (Sigma,
St. Louis, MO: PARV-19, P-3088) was used. This antibody was derived from a
hybridoma produced by fusing mouse myeloma cells with splenocytes from a
mouse immunized with purified frog muscle parvalbumin. We previously
controlled for specificity by performing immunohistochemistry on tissue from
parvalbumin-knockout and corresponding control mice (Burette et al., 2009). No
staining was observed in mice lacking parvalbumin.
Tissue preparation
After deep anesthesia was induced with sodium pentobarbital (60 mg/kg, i.p.), male
Sprague-Dawley rats (200–350 g, Charles River, Raleigh, NC) were intracardially perfused
with 500 ml of fixative: either 4% freshly depolymerized paraformaldehyde in phosphate
buffer (PB; 0.1 M, pH 7.4), for light microscopy (LM); or a mixture of 4%
paraformaldehyde and 0.1% glutaraldehyde in PB, for electron microscopy (EM). Brains
were sectioned at 40–60 μm on a Vibratome and collected in cold PB.
Light microscopy
Free-floating sections were incubated in 10% normal donkey serum (NDS) and then in
primary antibody (NDCBE-1r, 1:2,000). Antigenic sites were visualized by donkey IgG
conjugated to DyLight 488 (1:200; Jackson ImmunoResearch; West Grove, PA). For double
labeling with parvalbumin, monoclonal anti-parvalbumin antibody (1:40,000, Sigma,
PARV-19, P-3088) was then applied overnight and visualized by a condary antibody
conjugated to DyLight 549 (1:200, Jackson ImmunoResearch).
For triple labeling, a second primary antibody (VGLUT1, 1:5,000, guinea pig anti-
VGLUT1, AB5905, lot 23080329, Chemicon) and a third primary antibody (VGAT,
1:1,000, monoclonal mouse antibody, clone 117G4, Synaptic Systems, Göttingen, Germany)
were then applied overnight and visualized by secondary antibodies conjugated to DyLight
549 and Cy5 (1:200, Jackson ImmunoResearch). Control experiments, in which the primary
antibodies were omitted, were performed to control for nonspecific binding of the secondary
antibody. Sections were examined with a Leica SP2 confocal microscope.
Electron microscopy
Floating sections treated with 1% sodium borohydride were blocked with 20% NDS, and
incubated in primary antibody (NDCBE-1C, 1:2,000). Sections were then incubated with
biotinylated goat-anti rabbit IgG (1:200, Jackson ImmunoResearch), followed by 1.4-nm
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gold particles conjugated to streptavidin (1:50; Nanoprobes, Yaphank, NY). Sections were
washed in 0.05 M Na acetate (to remove phosphate and chloride ions), followed by silver
enhancement with IntenSE-M (Amersham Biosciences, Arlington Heights, IL). Sections
were then postfixed in 0.5–1% osmium tetroxide in 0.1 M PB for 35–45 minutes and
incubated with 1% uranyl acetate in maleate buffer (0.1 M, pH 6.0) for 1 hour. After
dehydration, sections were infiltrated with a mixture of Epon and Spurr resins (Electron
Microscopy Sciences, Hatfield, PA) and flat-mounted between sheets of ACLAR
fluoropolymer (Electron Microscopy Sciences) within glass slides. Seventy-nanometer
sections were cut, mounted on 200 mesh copper grids, contrasted with uranyl acetate and
Sato’s lead, and examined in a Philips Tecnai electron microscope (Hillsboro, OR) at 80 kV.
Data analysis and preparation of plates
To test whether staining for two antigens was positively or negatively correlated, we
performed intensity correlation analysis as described by Li et al. (2004) by using the
Intensity Correlation Analysis plug-in in ImageJ (see the ImageJ website of the Wright Cell
Imaging Facility, Toronto Western Research Institute, ON, Canada: www.uhnresearch.ca/
wcif). We used Corel Draw v.14 (Corel, Ottawa, ON, Canada) to sharpen images (via
unsharp mask), adjust brightness and contrast, and compose final plates. These adjustments
were done exclusively to enhance the presentation quality of figures, without altering the
scientific data content of the images.
RESULTS
NDCBE was detected throughout the brain, concentrated in gray matter. The overall
regional pattern of staining resembled that shown in previous studies in rodent (Chen et al.,
2008) and human (Damkier et al., 2007). However, these reports emphasized a
predominantly soma-dendritic pattern, whereas immunostaining with our antibody was
concentrated in puncta within the neuropil, consistent with the results of Sinning et al.
(2011). This might in part reflect technical differences or higher back-ground staining in
previous studies, but other factors may be involved (see Discussion).
In the cerebral cortex, puncta immunopositive for NDCBE were found in the neuropil
throughout all layers; immunoreactive cell bodies were not seen (Fig. 2A). NDCBE staining
was moderate to intense throughout the hippocampal formation, and weaker in layers rich in
somata, including the pyramidal cell layer of Ammon’s horn and the granule cell layer of the
dentate gyrus (Fig. 2B). The large mossy fiber boutons in the stratum lucidum of CA3
showed prominent NDCBE staining. High-magnification views of staining in the striatum
showed a typical punctate organization (Fig. 2C,D). Punctate staining was also seen in the
neuropil of the thalamus (Fig. 2E). In the cerebellar cortex, NDCBE staining was
conspicuous in the molecular and granule cell layers (Fig. 2F). In the molecular layer,
densely packed immunoreactive puncta surrounded Purkinje cell dendrites, which were
themselves devoid of staining. In the granule cell layer, intensely stained glomeruli were
scattered among unstained granule cells. Punctate staining for NDCBE was also seen
throughout the brainstem (Fig. 2G).
To better characterize the nature of these puncta, we performed EM, using pre-embedding
immunogold labeling followed by silver intensification to optimize sensitivity. Gold/silver
particles coding for NDCBE labeled numerous presynaptic terminals throughout the brain
(Figs. 3, 4). Labeling was seen in a large fraction of presynaptic terminals in the cerebral
cortex (Fig. 3A-C), hippocampus (Fig. 3D-F), cerebellar cortex (Fig. 4A-C), and brainstem
(Fig. 4D,E). Immunolabeling in the large terminals of mossy fibers in the hippocampus (Fig.
3E,F), and over vesicle-rich areas within the central presynaptic terminal of synaptic
glomeruli in cerebellar cortex (Fig. 4C), was consistent with our LM results. NDCBE
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labeling was found in asymmetric (presumably glutamatergic) synapses, but could also be
detected in symmetric synapses (Fig. 3A). In contrast to the prominent presynaptic labeling,
little or no labeling was seen on the postsynaptic side. Occasional particles representing
NDCBE were seen in axons. Although NDCBE was concentrated in axon terminals, it
showed no obvious association with the plasma membrane, but instead concentrated
selectively over presynaptic vesicles (Fig. 4).
To assess the extent of NDCBE expression in axon terminals, we performed triple-labeling
experiments for NDCBE with markers for excitatory and inhibitory vesicles. Throughout the
brain, visual inspection suggested marked co-localization of NDCBE with both VGLUT1
and VGAT staining (Figs. 5, 6). We performed quantitative analysis of images from cerebral
cortex to assess the extent of this co-localization. Analysis of 35 random fields in layer V of
cerebral cortex showed that 90 ± 4% of VGLUT1-positive puncta (n = 1,295) were also
positive for NDCBE. In contrast, NDCBE was found in a smaller fraction of VGAT-positive
puncta (61 ± 9, n = 405).
In the cerebral cortex and hippocampus, NDCBE/VGAT-positive puncta could often be seen
surrounding immunonegative somata, reminiscent of the basket terminals of fast-spiking
interneurons (Fig. 6A-D). To test this hypothesis, we performed double-labeling for NDCBE
and parvalbumin, demonstrating co-localization in puncta surrounding somata in the cortex
and hippocampus (Fig. 7A-F). Co-localization was also seen in the thalamus, but it was
found in scattered puncta through the neuropil instead of being organized into pericellular
baskets (Fig. 7G-I). Although we were unable to examine all possible markers for inhibitory
neurons, it was noteworthy that material double-labeled for NDCBE and somatostatin (a
marker for regular-spiking interneurons) failed to show any sign of co-localization (data not
shown).
If NDCBE were an integral component of synaptic vesicles, one would predict that the
intensity of staining for NDCBE should covary with that for VGLUT and VGAT. To test
this hypothesis, raw confocal images were analyzed by using intensity correlation analysis
as described by Li et al. (2004). Figure 8A-D illustrates results from this technique, by using
the raw image used for Figure 6A-D. (Note that in Fig. 6A-D, the raw image was cropped,
and contrast and brightness adjusted to improve visibility.) Intensity correlation quotients
(ICQs; computed such that −0.5 represents perfect negative covariance, and 0.5 represents
perfect positive covariance between two antigens) were consistently strongly positive
(average ICQ 0.35 ± 0.03 for NDCBE/VGLUT, and 0.27 ± 0.07 for NDCBE/VGAT, n = 60
fields, 10 each from the cerebral cortex, hippocampus, striatum, cerebellum, cochlear
nucleus, and thalamus.
These data consider covariation of pixels throughout the microscopic fields. To assess
whether the two channels covaried when attention was restricted to presynaptic terminals,
we examined a sample of 692 NDCBE-positive puncta also immunopositive for either
VGLUT1 or VGAT in the cerebral cortex. Scatterplots of mean intensity of NDCBE in a
punctum against the corresponding VGLUT intensity show a strong positive correlation
among excitatory terminals (r2 = 0.76, Fig. 8E); likewise, a strong positive correlation was
seen among inhibitory terminals (r2 = 0.86, Fig. 8F). As a control, we examined the
relationship between VGLUT1 and VGAT in presumed synaptic puncta and found no
significant relationship (r2 = .04, Fig. 8G).
DISCUSSION
Even minor changes in pH within the brain can impact neurological function. pH modulates
both intrinsic neuronal excitability (Chesler, 2003; Dulla et al., 2005; Jacobs et al., 2008)
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and synaptic transmission (Ahdut-Hacohen et al., 2004; DeVries, 2001; Dietrich and Morad,
2010; Makani and Chesler, 2007). Accordingly, the brain contains multiple acid/base
transporters, including members of the SLC4 bicarbonate (carbonate) transporter family.
One of these, NDCBE (SLC4A8), mediates Na+-driven  exchange
(Grichtchenko et al., 2001; Parker et al., 2008). Similar Na+-driven 
exchangers have been shown to regulate pH in invertebrate neuronal systems, including
molluscan neurons and the squid giant axon (Boron and De Weer, 1976; Thomas, 1977).
However, recent work raises the possibility that NDCBE may influence neurotransmission
independent of its effects on pH (Kim and Trussell, 2009).
NDCBE and NDCBE-like activity has been detected in multiple brain regions in both
rodents and humans (Baxter and Church, 1996; Chen et al., 2008; Damkier et al., 2007;
Schwiening and Boron, 1994). The present study reveals a highly selective targeting of
NDCBE to axon terminals, where it is closely associated with synaptic vesicles. Because
NDCBE is an integral membrane protein, we conclude that the large majority of the vesicle-
associated pool must be inserted into the vesicle membrane. This selectivity for terminals is
consistent with the results of Sinning et al. (2011), but at variance with Chen et al. (2008).
We suspect this reflects minor technical issues, but this discrepancy might reflect differences
in targeting of different NDCBE splice variants (Parker et al., 2008): The N-terminus
antibodies used by Boron’s group are likely to recognize the A and B splice variants,
whereas the antibodies used by Sinning et al. (2011) and by us were raised against C-
terminal peptides, and are therefore likely to recognize the A and C variants; thus, our data
are consistent with the possibility that the B splice variant is targeted to the soma-dendritic
compartment.
What might be the functional significance of NDCBE in the presynaptic terminal? The work
of Sinning et al. demonstrates that this protein plays a role in exocytosis; our finding that
NDCBE shows little association with the plasma membrane leads us to conclude that the
observed effect must be via an action at the vesicular membrane itself. Sinning’s results
implicitly suggest that NDCBE may also influence other aspects of synaptic transmission;
together with previous work, this leads us to speculate that NDCBE may play a role in
transmitter uptake and storage.
Chloride ions are needed for acidification of synaptic vesicles, and recent evidence shows
that Cl− can regulate both VGLUT and VGAT (Juge et al., 2009; Schenck et al., 2009).
However, it has been difficult to identify the chloride channel or transporter responsible.
CIC-3, a member of the chloride channel/transporter family, has been a prime candidate for
mediation of the translocation of Cl− in synaptic vesicles necessary for neurotransmitter
loading (Maritzen et al., 2008; Riazanski et al., 2011; Stobrawa et al., 2001; Wang et al.,
2006). Riazanski and collaborators (2011) recently demonstrated that CIC-3 modulates
inhibitory synaptic strength by altering the magnitude of acidification in GABAergic
vesicles, thereby decreasing quantal size. In contrast, loss of ClC-3 had little effect on
acidification of glutamate-containing vesicles, consistent with previous evidence for only
modest changes in vesicular glutamate transport in CIC-3 knockout mice (Stobrawa et al.,
2001). Moreover, isolated vesicles retained a biphasic dependence on Cl− even in the
absence of ClC-3, implying that another protein must regulate vesicular [Cl−] (Stobrawa et
al., 2001). Our data showing that NDCBE is tightly linked to synaptic vesicles lead us to
propose that NDCBE might play this role.
We also found NDCBE in a subpopulation of GABAgergic presynaptic terminals,
suggesting a role in GABAergic transmission. Our data show that parvalbumin-positive
basket terminals express especially high levels of NDCBE. These terminals arise from a
subpopulation of interneurons remarkable for their capacity to fire sustained high-frequency
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trains of action potentials. Accordingly, we speculate that NDCBE helps to supplement
CIC-3 in these terminals to permit effective transmitter reloading during sustained high-
frequency firing.
CONCLUSIONS
The targeting of NDCBE to presynaptic vesicles is prominent throughout the brain. This
phenomenon, which is seen in the large majority of excitatory synapses and in an important
subpopulation of inhibitory synapses, points to a role for NDCBE in regulation of
neurotransmitter release. Although the mechanistic details remain to be established, this
finding is especially intriguing because NDCBE couples Cl− transport to pH (via ), to
ongoing metabolic activity (via cellular CO2 and H+ production), and to ongoing synaptic
activity (via intracellular [Na+]). Thus, NDCBE is well positioned to integrate multiple
signals to modulate neurotransmitter release.
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A: Immunoblots, probed with the NDCBE-1C antibody: Lanes 1 and 2, brain lysate; Lanes
3 and 4, lysate from HEK cells expressing NDCBE-A. Preadsorption of the antibody with
the corresponding peptide (lanes 2 and 4) blocked the signal. B: Immunofluorescence
labeling for NDCBE-1r in HEK 293 cells transfected with NDCBE-A. C:
Immunofluorescence labeling for NDCBE-1r in HEK 293 cells transfected with NDCBE-A
in the presence of blocking peptide. D: Field in C, visualized by differential interference
contrast imaging. Scale bar = 5 μm in B (also applies to D) and C.
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Immunofluorescence labeling for NDCBE in sections from rat brain. A: Cerebral cortex (S1,
layer II). B: Hippocampus. C,D: Neostriatum. E: Thalamus. F: Cerebellar cortex. G:
Cochlear nucleus. ml, molecular layer; pc, Purkinje cell layer; gl, granule cell layer, RT,
reticular thalamic nucleus. Scale bar = 25 μm in A,D; 300 μm in B,C; 50 μm in E-G; 250
μm in inset to G.
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Pre-embedding immunogold labeling for NDCBE in forebrain. A: Low-magnification
electron micrograph from cerebral cortex (layer II/III); labeling for NDCBE concentrates in
presynaptic terminals. Terminals with prominent postsynaptic densities are colorized in
pink; terminals lacking prominent PSDs and apposed to dendritic shafts are colorized in
blue. B,C: Higher magnification views of neocortex, showing labeled presynaptic terminals
that make axospinous synaptic contacts. D-F: NBCDE labeling in hippocampus. D: Small
terminal in stratum radiatum of CA1. E,F: Large, probable mossy fiber terminals in stratum
lucidum of CA3. Terminal in F is colorized blue, and postsynaptic elements are colorized
Burette et al. Page 12













green. Note that labeling is associated with the pool of synaptic vesicles, and is excluded
from vesicle-poor zones of the terminal. Scale bar = 1 μm in A,E,F; 0.5 μm in B,C; 250 nm
in D.
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Pre-embedding immunogold labeling for NDCBE in rat hindbrain. A,B: Labeled terminals
in axospinous synapses from the molecular layer of cerebellar cortex. C: Large, weakly
labeled terminal in the granule cell layer of cerebellar cortex. D,E: From ventral cochlear
nucleus. D: A large presynaptic terminal; labeling is predominantly over zones containing
high density of vesicles. E: A small terminal. Scale bar = 500 nm in A,E; 250 nm in B; 1 μm
in C,D.
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Co-localization of NDCBE (green) with VGLUT1 (red) and VGAT (blue) in rat hindbrain.
A-D: In cerebellar cortex, VGLUT puncta exhibit considerable co-localization with
NDCBE; note co-localization between VGAT and NDCBE in the Purkinje cell layer. E-H:
Synaptic glomeruli in granule cell layer exhibit a characteristic pattern of co-localization:
NDCBE is associated both with the large central VGLUT-positive terminal and with the
surrounding VGAT-positive inhibitory terminals. I: Cochlear nucleus. J-N: Co-localization
pattern in more detail (J-M are from boxed region in I). Many NDCBE puncta co-localize
with VGLUT (circles), whereas others co-localize with VGAT (boxes).Scale bar = 25 μm in
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A (applies to A-D); 5 μm in E (applies to e-H); 50 μm in I; 10 μm in J (applies to J-M) and
N.
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Triple immunofluorescence for NDCBE (green), VGLUT1 (red), and VGAT (blue). A-D:
Many NDCBE puncta in neuropil of cerebral cortex co-localize with VGLUT (circles in
insets), whereas others, especially large puncta adjacent to pyramid-shaped somata, co-
localize with VGAT (boxes in insets). E-H: Large NDCBE-positive puncta in the pyramidal
cell layer of CA1 often co-localize with VGAT (boxes); small yellow puncta in s radiatum
(H) indicate co-localization of NDCBE with VGLUT. I-L: CA3 hippocampus; note massive
co-localization of NDCBE with VGLUT in stratum lucidum. SL, stratum lucidum; SR,
stratum radiatum; PL, stratum pyramidale. Scale bar = 25 μm in A (applies to A-C), D, and
E (applies to E-H); 50 μm in I (applies to I-L).
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Double labeling for NDCBE (green) and parvalbumin (PARV, red). A-F: In neocortex (A–
C), and CA1 hippocampus (D–F), NDCBE co-localizes with PARV in terminal baskets
surrounding pyramidal cells. G-I: Thalamus; co-localization is found in large terminals, but
these are not organized into baskets. Scale bar = 20 μm in A (applies to A-C), D (applies to
D-F), and G (applies to G-I).
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Scatterplots quantify extent of co-localization. A-D: Intensity correlation plots (designed to
assess co-localization for all pixels in a micrograph); “hot” colors represent high density of
data points, “cold” colors represent low densities. Dots to the right of the Y-axis indicate
positive correlation. The scatterplots are from the raw confocal image used to generate the
illustration in Figure 4A. A: Plots NDCBE brightness against VGLUT1 brightness
(normalized to its mean value). The data fall into two clouds; the vertical ellipse indicates
pixels that exhibit essentially no relationship between NDCBE and VGLUT1, whereas the
tilted ellipse indicates pixels that exhibit a strong positive correlation These data suggest that
most, but not all NDCBE staining co-localizes with VGLUT1. B,C: Confirmation of
substantial co-localization of both VGLUT1 and VGAT with NDCBE. D: In contrast, there
is virtually no evidence of co-localization between VGLUT1 and VGAT. E-G: Scatterplots
were constructed to define the extent of co-localization within puncta (as defined by both
NDCBE and VGLUT1 [E, 443 puncta], both NDCBE and VGAT [F, 254 puncta], or both
VGLUT1 and VGAT [G, 692 puncta]). Axes show mean pixel brightness, normalized to run
from zero (dimmest punctum) to 1 (brightest). The strong correlation in brightness between
the two channels for VGLUT1 and NDCBE (E) and for VGAT and NDCBE (F) contrast
with the lack of correlation between VGLUT1 and VGAT (G).
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TABLE 1
Primary Antibodies Used in This Study
Primary antibody Immunogen Source, species, cat. no. Dilution
NDCBE-1r C-terminal fragment of rat NDCBE-A/C:
 LSINSGNTKEKSPFN
Polyclonal rabbit (reported here) 1:2,000
Parvalbumin Purified frog muscle parvalbumin Sigma, mouse monoclonal
 (PARV-19), P-3088
1:40,000
VGAT C-terminal peptide of rat VGAT:
 AEPPVEGDIHYQR
Synaptic Systems, mouse monoclonal
 (clone 117G4), 131011.
1:1,000
VGLUT1 C-terminal peptide rat VGLUT1:
 GATHSTVQPPRPPPPVRDY
Chemicon, guinea pig polyclonal, AG208 1:5,000
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